DLC LAYER SYSTEM AS WELL AS PROCESS AND ARRANGEMENT FOR? 
PRODUCING SUCH A LAYER SYSTEM 

i 

The present invention relates to a layer system for the 

protection against wear, for the protection against corrosion and 

for improving the sliding properties and the like, having an 

adhesive layer for the arrangement on a substrate, a transition 

I 

layer for the arrangement on the adhesive layer and a cover layer 
of an adamantine carbon as well as to a process and an 
arrangement for producing such layer systems. 

Despite the prominent properties of adamantine carbon layers 
(DLC layers), such as high hardness and excellent sliding 
properties, and many years of worldwide research activities, it 
has not been possible to produce pure DLC layers which, also in 
the case of larger layer thicknesses (> ljum) , exhibit a layer 
adhesion which is sufficient for an industrial use in typical 
protection applications against wear and have a sufficient 
conductivity in order to be able to eliminate the high-frequency 
(HF) processes for their production which have many disadvantages 
with respect to production techniques. 

Typical protection applications against wear include, on the 
one hand, applications in the machine construction field, such 
as protection against sliding abrasion, pitting, cold fusing, 
etc., particularly on components with surfaces which move against 
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one another, such as gears, pump and cup plungers, piston rings, 
injector needles, complete bearing sets or their individual 
components and many others, as well as, on the . other hand, 
applications in the field of material processing for the 
protection of the tools used for the cutting or forming machining 
as well as in the case of injection molds. 

In addition to the versatile application possibilities in 
the field of protection against wear, the protection against 
corrosion is explicitly mentioned here as another promising field 
of application of such DLC layers. 

Currently, because of the high internal tension and the 
resulting problematic adhesion, particularly in the case of 
highly stressed surfaces, in the protection against wear, pure 
DLC layers can be deposited only with small layer thicknesses 
which are insufficient for many applications or must be changed 
in their properties by the additional inclusion of foreign atoms, 
such as silicon, various metals and fluorine. However, the 
resulting reduction of inherent layer tension and the improvement 
of the adhesion has always been connected with a clear loss of 
hardness which, particularly in the field of the protection 
against wear, can often have a negative effect on the service 
life of the respectively coated object. 

In the case of plasma-supported processes customary today 
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for producing DLC layers, because of the high electric resistance 
of hard DLC layers, processes with an HF bias or HF plasma (in 
the following HF = high frequency will apply to all frequencies 
> 10 MHz), particularly with the industrial frequency 13.56 MHz, 
are frequently used in order to avoid disturbing charges during 
the coating. The known disadvantages of this technique are 
interferences with electronically sensitive process control units 
(HF feedback, transmitter effect, ...) which are difficult to 
control; increased expenditures for avoiding HF flashovers; 
antenna effect of the substrates to be coated; and a resulting 
relatively large minimal distance between the material to be 
coated which prevents an optimal utilization of space and surface 
in the coating chamber. Thus, in the case of HF processes, 
closest attention has to be paid to that fact that, for example, 
as a result of an excessive loading density, incorrect 
substrate/holder spacing, etc., there will be no overlapping of 
dark spaces, which causes harmful secondary plasmas. On the one 
hand, such secondary plasmas cause energy sinks and thus 
additionally stress the plasma generators; on the other hand, 
such local plasma concentrations frequently cause a thermal 
overheating of the substrates and an undesirable graphitization 
of the layer. 

On the basis of the exponential dependence of the substrate 
voltage on the substrate surface calculated during HF processes, 
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U S /U E = C E /C S = (A E /A S ) 4 

wherein U is the voltage; C is the capacity; A is the surface; 
and S indicates the substrate and E indicates the 
counterelectrode, as the substrate surface A s rises, there is a 
considerable drop of the substrate voltage U s accompanied by a 
significant rise of the dissipated energy. As a result, 
depending on the capacity of the used generators, only a certain 
maximal surface can be coated. Otherwise, either sufficient 
power cannot be fed into the system or the potential difference 
(substrate voltage) cannot be adjusted to be sufficiently high 
in order to achieve the ion plating effect required for well 
adhering dense layers. 

In addition, on the system side in the case of HF-processes, 
additional equipment-related expenditures are usually required 
in order to mutually dynamically adapt generator impedances and 
plasma impedances by means of electric networks, such as a so- 
called matchbox, during the process. 

In the following various processes and layer systems known 
from the state o'f the art will briefly be mentioned. 

European Patent Document EP 87 836 discloses a DLC layer 
system with a 0.1 - 49.1% fraction of metallic constituents which 
is deposited, for example, by means of cathodic sputtering. 
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German Patent Document DE 4 3 4 3 354 Al describes a process 
for producing a multilayer Ti-containing layer system with a 
hard-material layer consisting of titanium nitrides, titanium 
carbides and titanium borides as well as a friction-reducing C- 
containing surface layer, the Ti fraction and N fraction being 
progressively reduced in the direction of the surface. 

The process described in U.S. Patent Document US 5 078 848 
uses a pulsed plasma beam for producing DLC layers. However, on 
the basis of the targeted particle radiation from a source with 
a small outlet cross-section, such processes are only 
conditionally suitable for the uniform coating of larger 
surfaces. 

Various CVD processes and SiDLC/DLC mixed layers produced 
by means of such processes are described in the following 
documents : 

European Patent Document EP-A-651 069 describes a friction- 
reducing protection system against wear of 2 - 5000 alternating 
DLC and Si DLC layers . A process for depositing a-DLC layers with 
an Si intermediate layer and an adjoining a-SiC:H transition zone 
for improving the adhesion is described in European Patent 
Document EP-A-600 533. European Patent Document EP-A-885 983 and 
EP-A-856 592 also describe various methods for producing such 
layers. For example, in European Patent Document EP-A-885 983, 
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the plasma is generated by a DC-heated filament and the 
substrates are acted upon by negative direct voltage or MF 
between 30 - 1, 000 kHz (in the following MF = medium frequency 
is the frequency range between 1 and 10,000 kHz). 

U.S. Patent Document US 4 728 529 describes a method for 
depositing DLC while applying an HF plasma, during which the 
layer formation takes place in a pressure range of between 10" 3 
and 1 mbar consisting of an oxygen-free hydrocarbon plasma to 
which, as required, a noble gas or hydrogen is admixed. 

The process described in German Patent Document DE-C-195 13 
614 uses a bipolar substrate voltage with a shorter positive 
pulse duration in a pressure range between 50-1,000 Pa. As a 
result, layers are deposited in the range of from 10 nm to 10 //m 
and of a hardness of between 15 - 40 GPa . 

A CVD process with a substrate voltage which is generated 
independently of the coating plasma is described in German Patent 
Document DE-A-198 26 259, in which case, preferably bipolar but 
also other periodic changed substrate voltages are applied. 
However, this requires a relatively high-expenditure electric 
supply unit, because it has to be provided in a twofold 
construction, for implementing the process. 

Correspondingly, it is an object of the present invention 
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to provide relatively thick DLC layer systems with a high 
hardness and an excellent adhesion which, in addition, still have 
a sufficiently high conductivity in order to be able to be 
deposited without HF bias, so that a process and an arrangement 
can be used which do not require high expenditures and are 
effective for industrial use. Correspondingly, it is also an 
object of the invention to provide a corresponding process and 
a corresponding arrangement. 

This object is achieved by means of the layer having the 
characteristics of Claim 1 as well as the process according to 
Claim 11 and the arrangement according to Claim 30. Advantageous 
further developments are the object of the subclaims. 

A DLC layer system is obtained by producing a layer with the 
following layer construction. 

An adhesive layer is situated directly on the substrate and 
has an element from the group of elements of the IV, V and VI 
Subgroup as well as Si. Preferably an adhesive layer of the 
elements Cr or Ti is used which were found to be particularly 
suitable for this purpose. 

This layer is followed by a transition layer which is 
preferably constructed as a gradient layer in whose course the 
metal content decreases and the - -C content increases 
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perpendicularly to the substrate surface. 

The transition layer comprises essentially carbon and at 
least one element from the group of elements forming the adhesive 
layer. In addition, hydrogen may be contained in a preferred 
embodiment. Furthermore, the transition layer as well as the 
adhesive layer contain unavoidable impurities, as caused, for 
example, by atoms from the surrounding atmosphere built into the 
layer, for example, the noble gases used in the production, such 
a argon and xenon. 

When the transition layer is constructed in the form of a 
gradient layer, the growth of the carbon in the direction of the 
cover layer can take place by the increase of possibly different 
carbidic phases, by the increase of the free carbon or by a 
mixture of such phases with the metallic phase of the transition 
layer. In this case, as known to a person skilled in the art, 
the thickness of the gradient or transition layer can be adjusted 
by adjusting the individual process ramps. The increase of the 
C content and the decrease of the metallic phase can take place 
continuously or in steps; in addition, at least in a portion of 
the transition layer, a sequence of metal-rich and C-rich 
individual layers can be provided for the further reduction of 
layer tensions. As a result of the above-mentioned constructions 
of the gradient layer, the material characteristics (such as the 
E module, the structure, etc.) of the adhesive layer and of the 
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final DLC layer are essentially continuously adapted to one 
another and the danger of a crack formation along an otherwise 
occurring metal or Si/DLC boundary layer is therefore 
counteracted. 

The end of the layer stack is formed by a layer which 
essentially consists only of carbon and preferably hydrogen and 
which, in comparison to the adhesion and transition layer, has 
a larger layer thickness. In addition to the carbon and 
hydrogen, noble gases, such as argon or xenon, can also occur 
here. However, it is important here that additional metallic 
elements or silicon are completely avoided. 

The hardness of the entire DLC layer system is set at a 
value greater than 15 GPa, preferably greater than / equal to 20 
GPa, and an adhesion of better than or equal to HF 3, preferably 
better than or equal to HF 2, particularly equal to HF 1, 
according to DVI 3824, Sheet 4, is achieved. The hardness is 
determined by way of the Knoop Hardness Measurement with 0.1 N 
load, that is HK 0 .!, so that 20 Gpa correspond to 2, 000 HK 0 . a . The 
surface resistance of the DLC layer is between 5 = 10~ 6 Q and 5 = 
5 MQ, preferably between 1 Q and 500 kQ, at an electrode spacing 
of 20 mm. Simultaneously, the present DLC layer distinguishes 
itself by the low coefficients of friction typical of DLC, 
preferably /z < in the pin / disk test. The layer thicknesses are 
all > 1 //m, preferably > 2 fxm, the adhesive layer and the 
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transition layer preferably having layer thicknesses of from 0.05 
fxm to 1.5 //m, particularly of from 0.1 //m to 0.8 //m, while the 
cover layer preferably has a thickness of from 0.5 //m to 20 //m, 
particularly of from 1 //m to 10 //m. 

The H content in the cover layer is preferably 5 to 30 
atomic percent, particularly 10 to 20 atomic percent. 

In scanning electron microscope photos, DLC layer systems 
deposited according to the invention exhibit surfaces of fracture 
which, in contrast to the conventional DLC layers, have no glassy 
amorphous structure but a f ined-grained structure, the grain size 
preferably being < 300 nm, particularly < 100 nm. 

In tribological tests under a high load, the coating has a 
multiply increased service life in comparison to other DLC 
layers, such as metal carbon layers, particularly WC/C layers. 
Thus, on an injection nozzle for internal-combustion engines 
provided with a DLC layer, only a slight wear could be determined 
in a test after 1, 000 h, whereas, in the same test, a nozzle 
coated with WC/C failed after 10 h because of high surface wear 
extending into the base material. 

The layer roughness of the DLC layer according to the 
invention preferably has a value of Ra=0 . 01-0 . 04 ; Rz measured 
according to DIN being <0.8, preferably <0.5. 
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The advantages of a DLC layer system according to the 
invention which has the above-mentioned characteristics are the 
combination achieved for the first time of large layer 
thicknesses with an excellent adhesion, which still have a 
sufficient conductivity for permitting a relatively simple 
process implementation in industrial production. 

Despite the high hardness of > 15 GPa, preferably > 20 GPa, 
because of its structure and the process steps according to the 
invention, the layer exhibits a clearly improved adhesion. Here, 
conventional layer systems require a doping in the function layer 
(DLC) in order to reduce the layer tension, which, however, also 
reduces the hardness. 

Also scanning electron microscope fracture photos of the. 
layer according to the invention exhibit a fine-grained straight 
fracture surface in contrast to the previously known DLC layers 
which have the typical fracture shape of an amorphous brittle 
layer with partially conchoidal eruptions. Layers having the 
above-described property profile are particularly suitable for 
applications in machine construction, as, for example, for 
coating highly stressed pump and cup plungers and valve gears, 
cams and camshafts, as used for motor vehicle combustion engines 
and transmissions, but also for the protection of highly stressed 
gears, plungers, pump spindles and other components, in the case 
of which a particularly hard and smooth surface is required which 
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has good sliding properties. 

In the tool f ield, because of their great hardness and very 
smooth surface, these layers can advantageously be used mainly 
for forming (pressing, punching, deep-drawing, . ..) and injection 
molding tools but also, with certain limitations when machining 
iron materials, for cutting tools, particularly if a particularly 
low coefficient of friction paired with a great hardness is 
required for the application. 

The process according to the invention for producing DLC 
layer systems is characterized by the following features. 

The parts to be coated are cleaned in a manner known for PVD 
processes and are mounted on a holding device. In contrast to 
HF processes, holding devices can advantageously be used here 
with - adapted according to the respective particle geometry - 
1, 2 or 3 essentially parallel axes of rotation, whereby a 
greater loading density can be achieved. The holding device with 
the parts to be coated is moved into the process chamber of a 
coating system and, after the pumping down to a starting pressure 
of less than 10' 4 mbar, preferably 10" 5 mbar, the process sequence 
is started. 

The first part of the process - cleaning the substrate 
surfaces - is carried out, for example, as a heating process in 
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order to remove the volatile substances still adhering to the 
surface of the parts. For this purpose, similar to German Patent 
Document DE 28 23 876, a noble gas plasma is preferably ignited 
by means of a high-current/low-voltage discharge between one or 
several filaments arranged in an ionization chamber adjoining the 
process chamber and applied to a negative potential and the 
holding devices with the parts which is applied to a positive 
potential. This causes an intensive electron bombardment and 
therefore a heating of the parts. In this case, as in German 
Patent Document DE 44 37 269, it was found to be particularly 
advantageous to use an AR/H2 mixture because a cleaning effect 
of the parts surfaces is achieved by the reducing effect of the 
hydrogen. In this case, the high-current/low- voltage arc 
discharge can be guided by a static or advantageously essentially 
locally variably moved magnetic field. Instead of the above- 
described ionization chamber, a hollow cathode or another known 
ion or electron source can also be used. 

As an alternative, other heating processes, such as radiant 
heating or inductive heating, can naturally also be used. 

After a temperature level has been reached which is to be 
determined according to the base material, in addition or as an 
alternative, an etching process can be started as a cleaning 
process in that a low-voltage arc is ignited, for example, 
between the ionization chamber and an auxiliary anode, and the 
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ions are drawn onto the parts by means of a negative bias voltage 
of from 50 to 300 V. There, the ions bombard the surface and 
remove residual impurities. A clean surface is therefore 
obtained. In addition to noble gases, such as argon, the process 
atmosphere can also contain hydrogen. 

Furthermore, the etching process can also take place by the 
application of a pulsed substrate bias voltage without or with 
the assistance of an above-described low-voltage arc, preferably 
a medium frequency bias in the range of from 1 to 10, 000 kHz, 
particularly between 20 and 250 kHz, being used. 

In order to ensure the adhesion of the DLC layer system on 
the substrate, a preferably metallic adhesive layer particularly 
consisting of Cr or Ti is vapor-deposited by means of a known PVD 
or plasma CVD process, such as, for example, arc-type vaporizing, 
various ion plating processes, however, preferably by cathodic 
sputtering, of at least one target. For aiding the vapor 
depositing, a negative substrate bias voltage is applied to the 
substrate. The ion bombardment and the resulting layer 
densif ication during the sputtering process can additionally be 
aided by a parallel-operated low-voltage arc and/or a magnetic 
field applied for stabilizing and intensifying the plasma, and/or 
by applying a DC bias voltage to the substrate or by applying a 
medium frequency bias between the substrate and the process 
chamber in the range of from 1 to 10,000, particularly between 
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20 and 250 kHz. 

In a known manner, the thickness of the adhesive layer is 
set by a selection of the sputtering or vapor depositing time and 
power corresponding to the respective system geometry. 

For example, in the case of the present system geometry 
described below, Cr is sputtered for the duration of 6 minutes 
from two advantageously opposite targets at a pressure of between 
10" 4 and 10" 3 mbar, a substrate bias of U bias = -75 V and a power 
of approximately 8 kW in an Ar atmosphere. 

According to the invention, after the application of the 
adhesive layer, by applying a transition layer, a transition, 
which is as fluid as possible is ensured between the adhesive 
layer and the DLC layer. 

The application of the transition layer takes place such 
that, in addition to the plasma-aided vapor-depositing of the 
adhesive layer constituents, isochronously, carbon is 
precipitated from the gas phase. This preferably takes place by 
way of a plasma CVD process in which a carbon-containing gas, 
preferably a carburetted hydrogen gas, particularly acetylene, 
is used as the reaction gas. 

During the application of the transition layer, an, in 
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particular, "pulsed" medium- frequency substrate bias voltage is 
applied to the substrate and a magnetic field is superimposed. 

For the preferred formation of a gradient layer, during the 
application of the transition layer, the fraction of the carbon 
precipitation is increased in steps or continuously as the 
thickness of the transition layer increases, until finally 
essentially only a carbon precipitation still takes place. 

In this process stage, the adamantine carbon layer is then 
generated as the cover layer by a plasma CVD precipitation of 
carbon from the gas phase, in which case a carbon-containing gas, 
preferably a carburetted water gas, particularly acetylene, is 
used as the reaction gas. Simultaneously, a substrate bias 
voltage continues to be maintained on the substrate, and the 
superimposed magnetic field is maintained. 

In a preferred embodiment, the reaction gas for depositing 
carbon for forming the transition layer and the cover layer made 
of adamantine carbon may, in addition to the carbon-containing 
gas, contain hydrogen and noble gas, preferably argon or xenon. 
The set pressure in the process chamber in this case is between 
10~ A mbar to 10 -2 mbar. 

During the depositing of the cover layer made of adamantine 
carbon, the fraction of the carbon-containing gas is preferably 
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increased and the fraction of the noble gas, particularly argon, 
is preferably lowered. 

The substrate bias voltage, which is applied during the 
process steps for vapor depositing the adhesive layer, applying 
the transition layer and depositing the cover layer on the 
substrate may, particularly during the formation of the 
transition layer and of the cover layer, be an alternating 
voltage (AC) , a direct voltage (DC) superimposed with AC or 
pulse, or a modulated direct voltage, as particularly a unipolar 
(negative) or bipolar substrate bias voltage, which is pulsed in 
a medium frequency range of from 1 to 10,000 kHz, preferably from 
20 to 250 kHz. In this case, the pulse form may be sinusoidal 
or asymmetrical, so that long negative and short positive pulse 
periods or large negative and small positive amplitudes are 
applied. 

Furthermore, preferably during the entire coating process, 
a longitudinal magnetic field with a uniform course of magnetic 
flux is set, the magnetic field being variable laterally and/or 
spatially, continuously or in steps. 

Preferably, if a DC bias was used for applying the adhesive 
layer, when the transition layer is applied, a medium frequency 
generator is first connected to the holding device, which medium 
frequency generator emits its voltage pulses (a regulating by 
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controlling the fed power is also possible, but not preferred) 
in the form of a sinusoidal or of another bipolar or unipolar 
signal course. In this case, the used frequency range is between 
1 and approximately 10,000 kHz, preferably between 20 and 250 
kHz; the amplitude voltage is between 100 and 3, 000 V, 
preferably between 500 and 2,500 V. The change of the substrate 
voltage is preferably carried out by switching-over a generator 
which is designed especially for the emission of direct and 
medium frequency voltage. In another advantageous embodiment, 
a medium frequency voltage is applied to the substrates also for 
the implementation of the etching and adhesive layer process. 
When a bipolar substrate voltage is used, it was found to be 
particularly advantageous to apply asymmetrical pulse forms; for 
example, the positive pulse can be applied more briefly or with 
a lower voltage than the negative pulse, because the electrons 
follow the field more rapidly and, because of their low mass, 
when impacting, result mainly in an additional heating of the 
parts, which may result in damage by overheating particularly in 
the case of temperature-sensitive base materials. Also in the 
case of different signal courses, this danger can be counteracted 
by providing a so-called "OFF time", in the case of which a zero 
signal is applied between the application of individual or 
several signal periods with a power fraction (= "ON time") . 

Isochronously or with a time delay after the application of 
the medium frequency signal, when a DC bias is used for the 
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application of the adhesive layer, or after the vapor depositing 
of the layer thickness desired for the adhesive layer when a 
medium frequency bias is used, a carburetted hydrogen gas, 
preferably acetylene, is admitted into the recipient by means of 
a gas flow which rises in steps or preferably continuously. Also 
isochronously or with a possibly different time delay, the power 
of the at least one metallic or Si target is brought down in 
steps or continuously. Preferably the target is brought down to 
a minimum power, which can be easily determined by a person 
skilled in the art according to the achieved hydrocarbon flow, 
at which minimum power a stable operation is still possible 
without symptoms of poisoning by the reactive gas. Subsequently, 
the at least one target is shielded against the process chamber 
preferably means of one or several movably arranged screens, and 
is switched off. This measure largely prevents an occupation of 
the target with a DLC layer, whereby a sputtering free between 
individual DLC coating batches, which is otherwise necessary, can 
be eliminated. In the case of the next batch to be implemented, 
it is sufficient to provide a bringing-up of the at least one 
target while the screens are closed in order to again achieve a 
completely bare target surface suitable for the application of 
the adhesive layer. 

A significant contribution to the stabilizing of the DLC 
coating process according to the invention is made by forming a 
longitudinal magnetic field. This will take place - unless it 
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was already used in the preceding process step for applying the 
adhesive layer - essentially isochronously with the switching- 
over of the substrate voltage to the medium frequency generator. 
The magnetic field is constructed such that a magnetic flux 
course exists in the process chamber which is as uniform as 
possible. For this purpose, preferably by two electromagnetic 
coils essentially bounding the process chamber on opposite sides, 
current is introduced such that a mutually reinforcing magnetic 
field is created which is directed in the same direction at both 
coils. In the case of smaller chamber dimensions, a sufficient 
effect may possibly also be achieved by means of only one coil. 
As a result, an approximately uniform distribution of the medium 
frequency plasma is achieved over larger chamber volumes. 
Nevertheless, as a result of different geometries of the parts 
to be coated and of the holding devices, occasional secondary 
plasmas may be formed if certain geometrical and electromagnetic 
marginal conditions are met. This can be counteracted by a 
magnetic field which is variable with respect to time and space 
in that the coil currents are displaced together with one another 
or preferably against one another. For example, a current 
intensity I first flows for 120 seconds through the first coil 
which is stronger than that flowing through the second coil. 
During the subsequent 90 seconds, the current intensity is 
inverse; that is, the second magnetic field is stronger than the 
first magnetic field. These magnetic field adjustments can take 
place periodically, as described, in steps or continuously and 
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thus, by the suitable selection of the corresponding coil 
currents, the forming of stable secondary plasmas can be avoided. 

In contrast to the prior art, it is possible only as a 
result of the use of the magnetic field and the resulting 
significant increase of the plasma intensity to achieve, also in 
low pressure ranges of, for example, from 10~ 3 to 10" 2 mbar, a 
stable CVD process for depositing pure DLC layers with high 
depositing rates in the range of from 0.5 to 5, preferably 
between 1-4 //m/h. In this case, in addition to the substrate 
current, the plasma intensity is also directly proportional to 
the activation of the magnetic field. Additionally, both 
parameters depend on the size of the offered surfaces acted upon 
by means of a bias. By applying lower process pressures, 
smoother layers with a lower number of growth defects and a lower 
contamination by disturbing external elements can be deposited. 

In addition to being a function of the process parameters, 
the growth rate also depends on the loading and the holding 
device. It is particularly important in this case whether the 
parts to be coated, rotating once, twice or three times, are 
fastened on magnetic holding devices or are clamped or fitted in. 
The overall mass and the plasma transmissibility of the holding 
devices is also significant. Thus, for example, by means of 
light-weight holding devices, for example, by using spoke plates 
instead of plates made of a solid material, higher growth rates 
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and overall a better layer quality is achieved. 



For the further increase of the plasma-reinforcing magnetic 
field, in addition to the longitudinal magnetic field (far field) 
which penetrates the whole process chamber, additional local 
magnetic fields - so-called near fields - can be provided. An 
arrangement is particularly advantageous in the case of which, 
in addition to at least one magnetron magnetic system of the at 
least one target, additional, preferably permanent magnetic 
systems are mounted on the walls bounding the plasma chamber, 
which have a similar or the same magnetic effect as the at least 
one magnetron magnetic system. In this case, either all 
magnetron and additional magnetic systems can have the same 
construction or preferably a reversal of the polarities can take 
place. As a result, it is possible to construct the individual 
near fields of the magnetic and magnetron magnetic systems just 
like a magnetic enclosure surrounding the process chamber and 
thus prevent an absorption of the free electrons on the walls of 
the process chamber. 

It is only possible to produce a layer as described above 
by a combination of the important characteristics of the 
inventive process. Only the use of plasmas stabilized by 
magnetic fields as well as the coordinated use of the substrate 
bias voltage permit the use of the holding devices optimized for 
conventional PVD processes with a high packing density and 
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process reliability. The process shows how the course and the 
combination of direct current and medium frequency plasmas can 
optimally be used for depositing a DLC layer. 

Furthermore, the above-mentioned object is achieved by 
providing an arrangement for the implementation of the coating 
process according to one of Claims 10 to 26, the arrangement 
comprising a vacuum chamber with a pumping system for generating 
a vacuum in the vacuum chamber, substrate holding devices for 
receiving the substrates to be coated, at least one gas supply 
unit for the metered addition of process gas, at least one 
vaporizer system for providing coating material for vapor 
depositing, an arc generating device for igniting a direct 
voltage low-voltage arc, a system for generating a substrate bias 
voltage, and at least one or several magnetic field generating 
devices for forming a magnetic far field. 

The magnetic field generating devices are preferably formed 
by at least one Helmholtz coil, preferably a pair of Helmholtz 
coils . 

When Helmholtz coils are used, the magnetic field which can 
be generated and the magnetic flux density can be controlled 
locally as well as with respect to time by the current intensity 
in the coils. 
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Furthermore, the arrangement comprises a device for 
generating a substrate bias voltage which continuously or in 
steps can change the applied substrate bias voltage and 
correspondingly can also be operated in a bipolar or unipolar 
manner. In particular, the device is suitable for generating a 
substrate bias voltage which is pulsed in the medium frequency 
range . 

The vaporizing devices used in the arrangement comprise 
sputter targets, particularly magnetron sputter targets, arc 
sources, thermal evaporators and the like. It is advantageous 
that the vaporizer device can be separated from the remaining 
process chamber, for example, by means of swivellable screens. 

The arrangement advantageously has a substrate heater in the 
form of an inductive heater, a radiant heating system or the 
like, in order to be able to clean the substrates in a heating 
step before the coating. However, the igniting of a plasma is 
preferably used. 

Among other things, a low- voltage arc generating device is 
provided in the arrangement for this purpose, which comprises an 
ion source with a filament, preferably a refractory filament made 
of tungsten, tantalum or the like, in an ionization chamber as 
well as an anode and a direct voltage supply. In this case, the 
ion source is connected with the negative pole of the direct 
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voltage supply. Preferably, the positive pole of the direct 
voltage supply can optionally be connected with the anode or the 
substrate holding devices, so that a low-voltage arc can be 
ignited between the ion source and the anode or the ion source 
and the substrates. Similar to the vaporizer device, the ion 
source can also be separated from the actual process chamber, for 
example, by means of a hole metal plate made of tungsten, 
tantalum or a similar refractory metal. 

In order to permit a uniform coating process for all sides 
of the substrates, it is also provided that the substrate holding 
devices are movable and can preferably rotate about at least one 
or several axes. 

As a result of the advantageous combination of the medium- 
frequency substrate voltage supply and a Helmholtz coil 
arrangement, which can also be implemented by laterally mounted 
coils comprising two opposite targets, it is, for the first time 
possible at an industrial scale to utilize also in the case of 
low pressures a stable medium frequency plasma for carrying out 
a DLC process. In contrast to DLC layers produced by means of 
other systems, the thus produced layers have considerably 
improved properties. 

By means of the present coating arrangement and the above- 
described process, thick pure DLC layers with an excellent 
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adhesion can be produced for the first time. In addition, when 
the process parameters are changed, a majority of the previously 
known plasma processes for producing metal carbon or mixed layers 
with other elements, such as silicon or F, and for producing 
multipart layers or simple known layer systems deposited by means 
of PVD and/or CVD processes can be carried out. 

Additional advantages, features and characteristics of the 
invention are illustrated by means of the following detailed 
description of preferred embodiments by means of the attached 
drawings . 

Figure 1 is a schematic cross-sectional view of the 
arrangement according to the invention; 

Figure 2 is a schematic top view of the arrangement of the 
invention according to Figure 1; 

Figure 3 is a schematic view of the influence of the coil 
current on the substrate current; 

Figure 4 is a schematic view of the process parameter 
gradient layer; 

Figure 5 is a schematic view of the process parameter DLC 
layer; 
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Figure 6 is a scanning electron microscope fracture photo 
of a DLC layer according to the invention. 

Figure 1 is a schematic cross-sectional view of the process 
chamber 1 of a coating arrangement according to the invention. 
The parts 2 to be coated are mounted on one or several holding 
devices 3 which comprises devices for generating an at least 
single rotation 4, as required, a double rotation 5 of the parts. 
In a particularly advantageous embodiment, the holding devices 
3 are positioned on a carrousel 17 which additionally can be 
rotated about the axis 6 of the arrangement. 

By way of gas inlets 8, the different process gases, 
particularly Ar and acetylene, can be fed into the process 
chamber by means of suitable regulating devices which are not 
shown here. 

A pumping stand 9 which is suitable for a high vacuum is 
flanged to the chamber. 

An ion source 10 is preferably arranged in the area of the 
axis of the arrangement and is connected to the negative output 
of a direct voltage supply 11. Depending on the process step, 
the positive pole of the direct voltage supply 11 can be applied 
by way of a switch 12 to the carrousel 7 and to the holding 
device 3 and the parts 2 electrically connected therewith (heat 
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process) or to the auxiliary anode 13 (etching process or, as 
required, also during the coating processes) . 

On the walls of the process chamber 1, at least one 
vaporizer source 14, preferably a magnetron or an arc vaporizer, 
is provided for applying the adhesive and gradient layer. In 
another embodiment of the vaporizer source 14, which is not shown 
here, this vaporizer source 14 can be mounted as an anodically 
switched pot centrally in the floor of the process chamber 1. 
In this case, the vaporization material is changed into the gas 
phase for producing the transition or gradient layer by means of 
heating by the low- voltage arc 15. 

Furthermore, an additional electric voltage supply 16 is 
provided by means of which a periodically variable medium 
frequency voltage in the range of between 1 to 10,000, preferably 
between 20 and 250 kHz, can be applied to the substrates. 

The electromagnetic coils 17 for generating a longitudinal 
magnetic field penetrating the plasma space are arranged on 
opposite boundary walls of the process chamber 1 and are fed in 
the same direction by at least one, preferably two separate DC 
voltage sources which are not shown here in detail. 

As additional measures for intensifying and more uniformly 
shaping the magnetic field and thus the MF plasma 18, magnetic 
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systems 20 for forming several magnetic near fields 21 can be 
mounted on the side walls 19 of the plasma chamber 1. In this 
case, advantageously and optionally while including the at least 
one magnetron magnetic system 22, as illustrated, for example, 
in Figure 2, alternately magnetic systems with an NSN and an SNS 
polarity are arranged and thus a magnetic tunnel-shaped loop- 
shaped inclusion of the plasma is caused in the process chamber. 

The magnetic systems 20 for the generating the near field 
are preferably constructed as magnetron magnetic systems. 

The individual systems of the coating arrangement are 
advantageously entered into a relationship with one another by 
a process control. As a result, it is possible, in addition to 
the basic functions of a vacuum coating arrangement (pumping 
stand control, safety control circuits), to mutually adapt in a 
flexible manner the various plasma-generating systems, such as 
magnetrons with the magnetron supply not described here in 
detail, the ionization chamber 1 and the auxiliary anode 13 or 
the carrousel 7 and the direct-voltage supply 11, as well as the 
carrousel 7 and the medium frequency generator 16 as well as the 
corresponding adjustment of the gas flows, as well as the 
controlling of the optionally different coil currents and to 
optimize them for different processes. 

Figure 3 illustrates the relationship between the substrate 
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current and the coil current when using Helniholtz coils for 
building up a magnetic field. It was found that the substrate 
current and thus the plasma intensity are directly proportional 
to the coil current and thus to the magnetic field buildup. This 
is clearly demonstrated by the positive effect of a superimposed 
magnetic field. 

As an example, Figure 4 illustrates the course of individual 
parameters during the application of a gradient layer: While 
otherwise the parameters remain the same in comparison to the 
adhesive layer, the substrate bias is switched over from direct 
current to medium frequency with a preferred amplitude voltage 
of between 500 and 2,500 V and a frequency between 20 and 250 
kHz. After approximately 2 minutes, an acetylene ramp is started 
at 50 seem and is raised over a time period of approximately 30 
minutes to 350 seem. Approximately 5 minutes after switching on 
the medium frequency generator, the power of the used Cr target 
is reduced to 7 kW; after another 10 minutes, it is reduced to 
5 kW and is held constant there for another 2 minutes. 
Subsequently, screens are moved in front of the targets and these 
are switched off, whereby the depositing of the "pure" DLC layer 
starts which is constructed essentially of carbon atoms, of low 
quantities of hydrogen and of still lower quantities of argon 
atoms . 

For this purpose, in the simplest case, the process can be 
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completed with switched-of f vaporizing sources, but otherwise 
with the same parameters as in the case of the preceding gradient 
layer. However, it was found to be advantageous to increase in 
the course of the deposition of the pure DLC layer either the 
hydrocarbon fraction in the gas flow, to lower the noble gas 
fraction or, particularly preferably, to carry out both measures 
jointly. Here also, a forming of a longitudinal magnetic field, 
as described above, again has a special significance for 
maintaining a stable plasma. 

In the manner of examples, Figures 4 and 5 show the course 
of individual parameters during the application of the pure DLC 
layer: After the switching-of f of the used Cr target, while the 
medium frequency supply is adjusted to remain constant and the 
argon flow remains the same, the acetylene ramp started during 
the gradient layer is increased for approximately 10 minutes 
uniformly to a flow between approximately 200 and 400 seem. 
Subsequently, for a time period of 5 minutes, the argon flow is 
continuously reduced to a flow between approximately 0 and 100 
seem. During the next 55 minutes, the process is completed while 
the adjustments remain the same. 

Figure 6 is a scanning-electron-microscopic photo of a 
fracture surface of a DLC layer system according to the 
invention. It is clearly demonstrated that a fine-grained 
structure exists in the area of the cover layer made of an 
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adamantine carbon, so that the DLC layer has a polycrystalline 
character . 



Embodiment of the Invention in the Example 

Process Example 1 
Heating Process 

The process chamber is pumped down to a pressure of 
approximately 10" 5 mbar and the process sequence is started. As 
a first part of the process, a heating process is carried out in 
order to bring the substrates to be coated to a higher 
temperature and to remove volatile substances from the surface. 
In this process, an Ar hydrogen plasma is ignited by means of a 
low-voltage arc between the ionization chamber and an auxiliary 
anode. The following Table 1 shows the process parameters of the 
heating process: 



Ar Flow 


75 seem 


Substrate Bias Voltage [V] 


0 


Current of the Low-Voltage Arc 


100 A 


Hydrogen Flow 


17 0 seem 


Current Upper Coil 
A 


Pulsating between 20 and 10 


Current Lower Coil 


Pulsating Diametrically 
Opposed between 2 and 5 A 
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Period between Max. and Min. 1.5 min. 

Coil Current 

Heating Time 20 min. 



The Helmholtz coils are used for activating the plasma and 
are cyclically controlled. In this case, the current of the 
upper coil is varied with a period of 1.5 min. between 20 and 10 
A; the current of the lower coil varies with the same timing in 
a diametrically opposite manner between 5 and 20 A. 

The substrates heat up in the process and the disturbing 
volatile substances adhering to the surface are driven into the 
gas atmosphere, where they are sucked off by the vacuum pumps. 

Etching Process 

When a uniform temperature has been reached, an etching 
process is started in that the ions are drawn from the low 
voltage arc by means of a negative bias voltage of 150 V onto the 
substrates. The alignment of the low-voltage arc and the 
intensity of the plasma are aided in this case by the pair of 
Helmholtz coils mounted in a horizontal alignment. The following 
table shows the parameters of the etching process 

Ar Flow 7 5 seem 

Substrate Voltage -150 V 

Low- Voltage 150 A 
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Arc Current 



Cr Adhesive Layer 

The application of the Cr adhesive layer is started in that 
the Cr magnetron sputter targets are activated. The Ar gas flow 
is adjusted to 115 seem. The Cr sputter targets are triggered 
by means of a power of 8 kW and the substrates are moved past the 
targets for a time of only 6 minutes. The occurring pressure 
range will then be between 1(T 3 mbar and 10" 4 mbar. The 
sputtering process is aided by the connection of the low-voltage 
arc and the application of a negative DC bias voltage of 75 V to 
the substrate. 

After half the Cr sputtering time, the low voltage arc is 
switched off and the depositing is carried out for the remainder 
of the Cr sputtering time only by means of the plasma active in 
front of the Cr target. 

Gradient Layer 

After the expiration of this time, by means of switching on 
a sine wave generator, a plasma is ignited, acetylene gas with 
an initial pressure of 50 seem is admitted and the flow is 
increased each minute by 10 seem. 

In this case, the sine plasma generator is set at a 
frequency of 40 kHz to an amplitude voltage of 2, 400 V. The 
generator ignites a plasma discharge between the substrate 
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holding devices and the housing wall. In this case, the 
Helmholtz coils mounted on the recipient are both activated by 
means of a constant current flow of 3 A in the lower coil and 10 
A in the upper coil. In the case of an acetylene flow of 230 
seem, the Cr targets are deactivated. 

DLC Coating 

When the flow of the acetylene has reached the value of 350 
seem, the Ar flow is reduced to a value of 50 seem. 

The table shows the parameters of the example in an 
overview: 



Argon Flow 




50 seem 


Acetylene Flow 




350 seem 


Excitation Current Upper 


Coil 


10 A 


Excitation Current Lower 


Coil 


3 A 


Voltage Amplitude 




2, 400 V 


Excitation Frequency f 




4 0 kHz 



Under these conditions, a high depositing rate is ensured 
and the ionization of the plasma is maintained by means of the 
Ar gas. The depositing rate which now occurs in the coating 
process will be in the range of between 0.5 and 4 j^m/h, which 
also depends on the surface to be coated in the process chamber. 

After the expiration of the coating time, the sine wave 
generator and the gas flow are switched off, and the substrates 
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are removed form the process chamber. 



The properties of the forming layer are illustrated in the 

4 

following table: 



Properties Example 1 



Micro Hardness 


> 2,200 HK 


Depositing Rate 


l-2//m/h 


Adhesion 


HF1 


Resistance 


<10 kOhm 


Hydrogen Content 


12% 


Coefficient of Friction 


0.2 


Internal Tension 


Approx. 2 GPa 


Fraction Behavior 


Not glassy 



Process Example 2 

Process Example 2 provides an implementation similar to 
Example 1. In contrast to Example 1, the plasma is generated by 
a bipolar pulse generator. The excitation frequency is at 50 kHz 
with an amplitude voltage of 700V. 

The table shows the parameters of the 2nd example. 
Argon Flow 50 seem 

Acetylene Flow 350 seem 

Excitation Current Upper Coil 10 A 
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Voltage Amplitude 


700 V 


Excitation Frequency f 


50 kHz 



The produced coating has a hardness of 25 GPa, an adhesion 
of HF1 and results in a coefficient of friction of 0.2. 



Properties Example 2 


• 




HK 


> 2,400 




Depositing Rate 


Approx . 1 


. 5/zm/h 


Adhesion 


HF1 




Resistance 


<500 kOhm 




Hydrogen Content 


13% 




Coefficient of Friction 


0.2 




Internal Tension 


Approx . 3 


GPa 



Process Example 3 

Process Example 3 provides an implementation similar to 
Example 1. In contrast to Example 1, the plasma is excited by 
a unipolar pulse voltage. The parameters of the test are shown 
in the following table. 



Argon Flow 






50 seem 


Acetylene Flow 






350 seem 


Excitation Current 


Upper 


Coil 


10 A 


Excitation Current 


Lower 


Coil 


10 A 
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Voltage Amplitude 



1,150 V 



Excitation Frequency f 30 kHz 

The produced coating has the properties described in the 
following table. 



Properties Example 3 



Micro Hardness 


2, 500 HK 




Depositing Rate 


Approx • 1 . 


8//m/h 


Adhesion 


HF1 




Resistance 


< 1 kOhm 




Hydrogen Content 


12 to 16% 




Coefficient of Friction 


0.2 




Internal Tension 


Approx . 2 


GPa 



Process Example 4 

In comparison to Process Example 1, a process without 
assistance by a longitudinal magnetic field was carried out in 
Example 4. The current flowing through the two coils was reduced 
to a value of 0 A, The table shows the process parameters. 



Argon Flow 






50 seem 


Acetylene Flow 






350 seem 


Excitation Current 


Upper 


Coil 


0 A 


Excitation Current 


Lower 


Coil 


0 A 


Voltage Amplitude 






2,400 V 
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Excitation Frequency f 



4 0 kHz 



A plasma is obtained which, in comparison to Example 1, is 
stable only at higher pressures than in Example 1; is 
inhomogeneously distributed over the process chamber, and is 
influenced by geometrical effects. A depositing rate therefore 
occurs which is inhomogeneous in the process chamber and lower 
than in Example 1 because of the set process pressure. At the 
endeavored process pressures, a plasma formation was not possible 
without the use of a second plasma source, such as a target or 
the connection of the filament. The plasma in the process 
chamber could be stabilized only by the use of the Helmholtz 
coils and a homogeneous deposition could be achieved over the 
height of the process chamber. Without the use of coils, a 
plasma ignited in the range of the ionization chamber, where 
locally high temperatures are generated and destruction has to 
be feared. 



Properties Example 4 



HK 


Inhomogeneous 




1,300 - 2,500 


Depositing Rate 


Inhomogeneous 


Resistance 


Inhomogeneous 


Adhesion 


Cannot be determined 
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List of Reference Numbers 



1 


Process chamber 


2 


parts to be coated 


3 


holding device 


4 


single rotation 


5 


double rotation 


6 


axis of arrangement 


7 


carrousel 


8 


gas inlet 


9 


pumping stand 


10 


ion source 


11 


direct-voltage supply 


12 


switch 


13 


auxiliary anode 


14 


vaporizer source 


15 


low-voltage arc 


16 


voltage supply 


17 


electromagnetic coil 


18 


MF plasma 


19 


siHp wall 


20 


magnetic systems 


21 


near fields 


22 


magnetron magnetic system 
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